The dynamic strain aging behavior during tensile tests of Inconel 600 alloy has been investigated in the temperature range of 25-800°C over the strain rate range of 10~5-10-3s~'. The serrations in flow curves were observed in the temperature range of 150-600°C. Four different types of serrations, identified as Al, A2, B and C serrations, were observed depending on the temperature, strain rate and strain. Al type serration, a periodic rise and drop of stress with small amplitude, was observed in the temperature range of 150-245°C. A2 type serration, a rise of stress followed by a drop of stress, was observed at a higher temperature range of 245-400°C. B type serration, a successive oscillation of stress, was observed in the temperature range of 245-500°C. C type serration, characterized as abrupt irregular stress drops, was observed in the temperature range of 600-700°C. The activation energies for the serrated flow were calculated as 105, 81 and 150kJ/mol for Al, A2 and B type serration, respectively, from the analysis of the critical strains for onset of serrations. The rate controlling mechanism for dynamic strain aging is suggested as the migration of substitutional atoms for Al type serration, carbon diffision through dislocation core for A2 type serration and carbon diffusion through lattice for B type serration.
Introduction
Inconel 600 alloy is a Ni-base austenitic solid solution alloy which has been used as steam generator tubes in pressurized water reactors of nuclear power plant due to its good mechanical strength, thermal conductivity and corrosion resistance. There have been extensive studies on the stress corrosion cracking behavior of Inconel 600 alloy because the main failure made of steam generator tube is due to stress corrosion. The susceptibility of Inconel 600 alloy to stress corrosion cracking depends on composition, microstructure, environment and stress state. Recently, it is reported that stress corrosion cracking is related to the microdeformation [ 1, 21 and creep [3] . Therefore, it is important to understand the deformation behavior of Inconel 600 alloy.
Several researchers[4-61 have observed the serrated plastic flow and high work hardening rates with negative strain rate sensitivity in Inconel 600 alloy, however the controlling mechanism for the serration is not clearly understood yet. It is generally accepted that the serration in stress-strain curve is attributed to the dynamic strain aging of solute atoms. Hayes and Hayes [S] reported that the activation energy for the onset of serration is 54kJ/mol in Inconel 401 600 and suggested that dynamic strain aging phenomena are primarily caused by the difision of carbon rather than the substitutional atoms (primarily Fe and Cr) on the basis of the similar activation energy for onset of serration in Ni-C alloys. However, the temperature regime showing the serration in Inconel 600 is much higher than that showing the serration in Ni-C alloys [7] . Kocks [6] reported that the serration behavior of low carbon content below 0.05at.O~ in Inconel 600 was identical to that of commercial Inconel 600 alloy. These results are contradictory to the results of Hayes and Hayes [S] .
In this paper, the controlling mechanisms of serrated flow in Inconel 600 alloy were analysed. The serrated flow in Inconel 600 alloy during tensile tests has been investigated at temperatures of 25-800°C with strain rates ranging 10e5-1 Om3s-'. The stress-strain curves and types of serration were analysed. The activation energies of each type of serration were evaluated by the critical strain method and the controlling mechanisms for each type of serration will be discussed.
Experimental Procedures
Inconel 600 alloy was melted in a vacuum induction melting furnace and cast into ingots of 1180kg by Sammi Special Steel Co., LTD. The chemical composition of melted alloy is given in Table I . The cast ingots were forged at 1250°C and were hot extruded into tubes at 1200°C. The extruded tubes were cold worked into 1.06mm thick tubes by the pilgering with 96% reduction. The tubes were annealed at 1030°C for 20 minutes. The thermal treatment of annealed tubes was conducted at 700°C for 10 hours in Ar atmosphere to precipitate the carbides at grain boundaries. The average grain size was measured as 38ym after thermal treatment. The tensile specimens were machined from thermal treated Inconel 600 tubes and were tested in the temperature range of 25-800°C over the strain rate range of 10e5-10"s". The serration behaviors depending on temperature, strain rate and strain were analysed from the stress-strain curves. The critical strains for onset of serration were measured from the stress-strain curves and the activation energies for onset of serration were evaluated by the critical strain method. The observed stress-strain curves of Inconel 600 alloy with varying temperature and strain rate are shown in Figure 1 . The serrated stress-strain curves were observed at temperatures between 300°C and 600°C under initial strain rate of 10V4i' as shown in Figure l (a). It is obvious that the work hardening rate is high within the temperature regime showing serrated stress-strain curves. The inverse strain rate dependence of flow stress is exhibited at temperature showing the serration as shown in Figure  I (b). Typical segments of the stress-strain curves during tensile tests of Inconel 600 are shown in Figure 2 . Four different types of serration were reported and are classified as type A, type B, type C and type E, depending on the strain rate, temperature and strain [S] . Type A serration is characterized as periodic serration which is an abrupt rise of stress followed by a drop of stress in the stress-strain curve. Type B serration is characterized as successive oscillations of stress in the stress-strain curve, while type C serration is characterized as abrupt irregular stress drop. Type E serration is characterized as a random irregular drop of stress. Smooth flow curves without any serration were observed at temperatures below 15O'C. Type A serration characterized as a periodic rise and drop of stress with small amplitude was observed at a lower temperature range of 150-245°C. Different type A serration characterized as a rise of stress followed by a drop of stress was observed at a higher temperature range of 245-400°C. Two different type A serrations were observed in the temperature range of 150-245°C and 245-400°C and were designated as Al type serration and A2 type serration, respectively. Type A serration changed into type E after certain amount of strain. Type B set-ration was observed at temperatures above 245°C and the amplitude of stress drop increased with increasing temperature up to 600°C. It is observed that type B serration was superimposed on type A serration at a temperature range of 245-400°C. Type C set-ration was observed at higher temperatures above 600°C. The temperature regime showing the different types of serrations varied systematically with strain rate. The regimes of various types of serration depend on the strain rate and temperature as shown in Figure 3 .
It is well established that a critical amount of plastic strain is needed to initiate the serration on the stress-strain curves. The previous results [9] on the serrated flow suggest that the dependence of critical strain for onset of serration (e,) on strain rate and temperature is generally expressed as following Eq. (I),
where Q is the activation energy for onset of serration, m and p are the strain exponents related with the vacancy concentration C and mobile dislocation density pm, i.e. C, cc Ed, pm cc 8, and K is constant. The activation energies, Q, for onset of each type of serration were measured by three different methods, First, Q was evaluated from the slope of a plot 10ga~ vs l/T at a constant strain rate in Eq. (1). It can be obtained the exponent m + j3 from the slope of a plot of logti vs loge, at a constant temperature. Second, Q is evaluated from the plot of logi: vs /ogec. The strain rates corresponding to fixed value of critical strains were obtained from Figure 4 . The critical strain for onset of serration, Ed, was measured from the stress-strain curves. The variation of Ed with varying strain rate and temperature for Al, A2 and C type serrations are shown in Figure 4 . The values of m+P were calculated as 2.15 for Al type, 1.02 for A2 type and 1.04 for B type serration. The activation energies for onset of each type serration were calculated from the slopes a plot of kogac vs l/T as shown in Figure 5 . The activation energies were also calculated by other methods described above. It is calculated from a plot of logi: vs l/T using intercept method and from a plot of /og(e,"'" /T) vs l/T using Cottrel-Bilby equation as shown in Figure 6 and Figure 7 . The calculated values of m+P and Q for each type serration are listed in Table II .
It is generally known that the values of m+B ranged 0.5-I for dynamic strain aging is due to the interstitial solute, whereas the values of m+B ranged 2-3 for dynamic strain aging is due to the substitutional solute in solid solution alloys [9] . The m+p values were measured as 0.63 in Ni-C [7] reported in solid solution alloys, it is suggested that the onset of Al type serration was controlled by substitutional element in Inconel 600 alloy, while the onset of A2 type serration and B type serration were controlled by interstitial element in Inconel 600 alloy. The activation energy measured as 105kJ/mol for the onset of Al type serration is close to the activation energy for vacancy migration of 106kJ/mol in Ni. The activation energy for vacancy migration in Ni is calculated from the difference of the activation energy for self diffusion of 280kJ/mol[ 161 and the activation for vacancy formation of 174kJ/mol[ 171. Therefore, it is suggested that Al type serration is controlled by the migration of the substitutional solute atoms in Inconel 600 alloy. The major substitutional elements in Inconel 600 are Cr, Fe, Ti and Mn as shown in Table I 8lkJ/mol. The A2 type serration observed in this study is comparable to the serration in Inconel 600 observed by Hayes and Hayes [S] and in Ni-C observed by Nakada and Keh [6] . Hayes and Hayes[S] reported the m-t/3 is 0.74 and Q is 54kJ/mol in Inconel 600 alloy in the temperature range of 316-538'C, while Nakada and Keh [7] reported that that m+/3 is 0.63 and Q is 63kJ/mol in pure Ni-C alloys in the temperature range of -5O-300°C. It is suggested that carbon is the rate controlling element because it is the major interstitial element in Inconel 600. It is reported that the activation energy for lattice difision of C in Ni is 139kJ/mol [ IS] . Since the ratio of activation energy for dislocation pipe diffusion to ,that for lattice diffusion, Q&Qiairice, is generally known as 0.65 in fee metals[l9], The Qdiai is calculated to be 90kJ/mol and is quite similar to the measured activation energy for onset of A2 type serration. Also, the measured activation energy for onset of A2 type serration is similar to the activation energy for onset of serration in Ni-C reported by Nakada and Keh [7] . Therefore, the rate controlling mechanism for onset of A2 type serration is suggested as the carbon diffusion through dislocation core.
The activation energy for onset of B type serration measured as 1 SOkJ/mol, which is similar to the activation energy of 139kJ/mol for carbon diffusion in Ni[ 181. The controlling mechanism of B type serration is suggested as the carbon diffusion in Inconel 600. Kocks et al. [6] reported that the serration behavior of Inconel 600 with low carbon less than O.OSat.% was identical to that of commercial Inconel 600. They suggested that the dynamic strain aging in Inconel 600 is more likely controlled by solute atoms rather than carbon. However, the low values of m+p indicate that the substitutional atom -carbon compounds could retard the diffusion rate of carbon and are responsible element for A2 and B type serrations, as suggested in austenitic stainless steels [20, 211 . The possible substitutional elements are Cr and Ti due to their strong tendency to form carbides. The amount of carbon in Inconel 600 alloy needed to pin the dislocation for onset of serration could be very low when the substitutional atom -carbon compounds interact with dislocations.
Conclusions
The serrations in stress strain curves due to dynamic strain aging were observed in the temperature range of 150-600°C with a strain rate of 10~5-10'"s~' in Inconel 600 alloy. Four different types of serration, Al, A2, B and C type serration, were observed depending on the temperature, strain rate and strain. Al type serration, a periodic rise and drop of stress with small amplitude, was observed in the temperature range of 150-245°C. A2 type serration, a rise of stress followed by a drop of stress, was observed at a higher temperature range of 245-400°C. B type serration, successive oscillations of stress, observed in the temperature range of 245-500°C. C type serration, characterized as abrupt irregular stress drops, was observed at a temperature of 6OO'C. The higher work hardening rate and negative strain rate sensitivity were observed within the temperature regime showing serrated stress-strain curves. Based on the analysis of m+/3 and Q, the rate controlling mechanisms are suggested as the migration of substitutional atoms for Al type serration, carbon diffision through dislocation core for A2 type serration and carbon diffusion through lattice for B type serration. The diffusion of the substitutional atom -carbon compounds could be the rate controlling mechanism for A2 and B type serration.
